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Abstract
Aeromonas salmonicida subsp. salmonicida is a Gram-negative bacterium that infects
salmonids and non-salmonids worldwide leading to an infection known as furunculosis, which is
characterized by skin lesions and hemorrhages of the fish epidermis. This infection is carried out
by a A+ (virulent strain) of A. salmonicida containing an important virulent factor known as the
A-layer, which is a 2D paracrystalline structure that binds to the basement membrane and
functions to promote adherence to host membranes and resistance to host defense. The purpose
of this study was to examine the ability of the A+ A. salmonicida to incorporate exogenous fatty
acids into its lipid membrane and explore the phenotypic outcomes. A. salmonicida A+ and Astrains were differentiated using the Congo Red plating method. The A+ A. salmonicida cultures
were grown in CM9 supplemented with the presence or absence of 300µM exogenous
polyunsaturated fatty acids (PUFAs). Lipids were extracted and analyzed for membrane
assimilation by thin-layer chromatography and ultra performance liquid chromatography mass
spectrometry and showed the ability of A. salmonicida to incorporate exogenous fatty acids into
its lipid profile. The phenotypic outcomes were examined using a series of assays for membrane
permeability, antimicrobial peptide susceptibility, and biofilm formation. The fatty acid 20:5
significantly (p < 0.001) decreased biofilm formation consistently across the temperatures tested.
A general decrease in biofilm formation was seen at a higher temperature of 28ºC. The PUFAs
(18:3γ 20:3, 20:4, 20:5, 22:6) significantly (p < 0.001) permeabilized the membrane by 40%
when compared to the control tested in the crystal violet uptake. In addition, the PUFAs (18:3γ,
20:3) provided significant (p < 0.001) protection against the antimicrobial peptide polymyxin B
(PMB). The A+ strain when compared to the A- displayed similar phenotypic effects as a fish
pathogen. In fact, both A+ and A- strains preferred the fatty acid 22:6 which may indicate a role
omega-3 fatty acids play in A. salmonicida being a fish pathogen.
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Introduction
One of the many Gram-negative bacteria that has a huge impact on commercial fishing
and the salmonid population in Scotland and Norway in the 1980s is Aeromonas salmonicida
subsp. salmonicida [39, 44]. Today, A. salmonicida has become a global concern in its impact on
commercial fishing. Aeromonas salmonicida subsp. salmonicida is a Gram-negative bacillus that
infects primarily salmonids but can infect non-salmonids like sea trout and brown trout [1,14,
26]. This infection leads to the disease called furunculosis, which forms lesions and hemorrhages
in the epidermis [39]. This infection is carried out by a A+ (virulent strain) of A. salmonicida
containing an important virulent mechanism known as the A-layer, which is a two-dimensional
paracrystalline structure that binds to the basement membrane and functions to promote
adherence to host membranes and resistance to host degradation [33]. Current treatments include
oil-based vaccinations but due to bacterial resistance, many vaccines are ineffective [39, 42].
Furthermore, vaccinations are unavailable for non-salmonids [18]. This research aims to address
how fatty acid availability and assimilation affects the behavior and phenotypes of A.salmonicida
subsp. salmonicida possessing an A-layer.
Aeromonas salmonicida
Aeromonas salmonicida subsp. salmonicida is a Gram-negative bacillus that
infects primarily salmonids but can infect non-salmonids including sablefish, herring,
carp, and goldfish [15, 26]. Regarding salmonids, rainbow trout is most resistant to
Aeromonas salmonicida subsp. salmonicida [26]. There are 5 subspecies of Aeromonas:
achromogenes, masoucida, smithia, pectinolytica, and salmonicida. Four subspecies are
psychrophiles while the pectinolytic subspecies is mesophilic. However, there is evidence
of a mesophilic salmonicida subspecies but that is pending further research [14, 27]. This
paper focuses on the subspecies salmonicida. Since the majority of salmonicida
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subspecies are psychrophiles, they are mainly found in freshwater and deep marine
environments around 25ºC or lower [26, 45]. A. salmonicida subsp. salmonicida more
specifically is a pathogen that causes furunculosis, which is referred to as “bacteremia in
fish” and forms necrotic muscle tissues or furuncles on the fish body [39]. The method of
transmission is via horizontal transmission through primarily skin lesions, open
membrane, and mucosal epithelia [38]. The reason for their pathogenicity can be
understood by examining the virulence mechanisms.
Virulence Factors
Aeromonas salmonicida subsp. salmonicida has many virulence mechanisms but
most notably the type 3 secretion system and an A-layer. The type 3 secretion system
allows A. salmonicida subsp. salmonicida to deactivate host immune defense
mechanisms including apoptosis and phagocytosis by transporting the bacterial effector
protein into the host cell. Some examples of effector proteins utilized by bacteria are
Ati2, AopN, and ExsE, which reduce the inflammatory response by host cells [12]. A.
salmonicida also have exotoxins called glycerophospholipid cholesterol acyltransferase
(GCAT) complexed with lipopolysaccharide and serine proteases, which work in
conjunction to degranulate eosinophils [11]. Other exotoxins include hemolysins, which
have a role in erythrocyte degradation and cell lysis [4]. Another important virulence
attribute is the A-layer, which is a two-dimensional paracrystalline surface protein layer
that binds to the host basement membrane, with an important role of protecting the
bacteria against the host immune system [15, 22, 33, 36]. The A-layer is analogous to the
S-layer, which forms on the outer membrane but covered with A-protein [7, 28]. The Aprotein is encoded by the vapA gene, whose expression is temperature-dependent with
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more frequent transcriptions occurring at a lower temperature of less than 15ºC [7]. A
temperature higher than 20ºC discourages transcription, thereby, producing less A-layer.
The inability of a Gram-negative A. salmonicida subsp. salmonicida to produce the Alayer is known as a mutant strain and is avirulent [33]. Some pathogenic mechanisms
attributed to the A-layer include adherence to host factors and resistance to host
enzymatic digestion [33].
Gram-Negative Bacteria
Aeromonas salmonicida subsp. salmonicida is resistant to antibiotics due to
envelope features of Gram-negative bacteria. Gram-negative bacterial envelopes are
comprised of a thin peptidoglycan layer surrounded by an inner membrane and an outer
membrane, whereas Gram-positives lack an outer membrane and possess more
peptidoglycan. The Gram-negative has the advantage of an extra layer that creates an
additional permeability barrier and consequently protects against external forces. In
Gram-negatives, the outer membrane is made up of membrane proteins and a lipid bilayer
[8]. More specifically, the outer membrane is divided into an inner leaflet composed of
phospholipids and an outer leaflet made of liposaccharides [8]. Liposaccharides (LPS)
consist of three components: Lipid A, oligosaccharide region, and an O-antigen region
[8]. Lipid A is responsible for anchoring LPS in the outer membrane of the cell [8]. A
pathogenic effect of the presence of lipid A is the ability to lyse erythrocytes in certain
fish species due to its role as a key inflammatory mediator in the inflammatory response.
Lipid A represents one of the most important pathogen-associated molecular patterns
(PAMPs) in Gram-negatives [26]. Therefore, the presence of lipid A is important in terms
of pathogenicity and bacterial composition. The oligosaccharide region comprises the
inner and outer core. The inner core is made up of sugars 3-deoxy-D-manno-octulosonic
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acid (Kdo) and 1-glycero-D-manno-heptose (Hep) [8]. The outer core is made up of
hexose and hexosamine, which are amino sugars [8]. Therefore, the negative charges on
the outer membrane are due to GLcNs phosphorylation in lipid A and the influences of
Kdo and Hep in the inner core [8]. Some Gram-negatives may be categorized as smooth
or rough based on LPS composition. Smooth LPS includes an O-antigen region and an
oligosaccharide core while rough LPS lacks the O-antigen region [8]. Aside from LPS,
which comprises the outer leaflet of the outer membrane, the three remaining membrane
leaflets are occupied primarily by phospholipids. The major phospholipids in Gramnegative bacteria are phosphatidylethanolamine, phosphatidylglycerol, and
diphosphatidylglycerol (cardiolipin) [13, 19, 40]. Phosphatidylethanolamine (PE) is
important in many cellular processes including protein and lipid transport and supports
lipid bilayer structure and shape. PE can be found in both eukaryotes and prokaryotes but
is most abundant in Gram-negatives [5]. Studies have shown PE is found primarily in the
cytoplasmic leaflet of the inner membrane but can migrate between the periplasmic and
cytoplasmic leaflets [5]. PE and PG have a role in bacterial adaptation to their external
environments by changing the chemical composition of the phospholipid bilayer [46].
The role of phospholipids in membrane formation and composition has increasingly been
implicated in bacterial pathogenicity and phenotypic characteristics. Bacteria possess
many enzymes that participate in phospholipid remodeling as a means to adapt to
environmental changes (eg. Temperature, pH). This membrane lipid homeostasis is
maintained by altering the acyl chain carbon length, as well as the type and degree of
unsaturation. Most bacteria synthesize the fatty acids 16:0, 16:1, 18:0, and 18:1 for
construction of phospholipids.
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Polyunsaturated Fatty Acids (PUFAs)
Research has been conducted on polyunsaturated fatty acids (PUFAs) to understand
the effects of PUFAs on membrane composition. PUFAs are important in nature as a
component of fish membranes [29]. Research has shown the roles of PUFAs in many
biological mechanisms including facilitating cell-signaling, phospholipid membrane
remodeling, and protein function [13]. Furthermore, PUFA assimilation in bacteria can have
impacts on virulence mechanisms including biofilm formation, enhancing motility, and
resistance to antimicrobial peptides [13]. PUFA assimilation into the Gram-negative
membrane requires multiple protein participants. First, FadL, an outer membrane transporter,
delivers PUFA to the periplasm, where PUFAs are attached to acyl-coenzyme A (CoA). CoA
is then used to create acyl-CoA thioesters, which allows the transformed fatty acids to enter
the beta-oxidation or to serve as building blocks for phospholipid construction [2, 13, 17, 18,
31, 32].
With regard to A.salmonicida subsp. salmonicida affecting primarily salmonids, the
lipid profile of salmonids is an important consideration for carrying out this study. Salmon,
one of the fish species in the group of salmonids is known for its beneficial omega-3
polyunsaturated fatty acids. More specifically, eicosapentaenoic acid (EPA) (20:5) and
docosahexaenoic acid (DHA) (22:6) are present on salmon (Moloudizargari). In addition to
EPA and DHA, other salmonid species have shown the presence of arachidonic acid (20:4)
[9]. Therefore, it can be hypothesized that due to the presence of fatty acids on salmonids, the
assimilation of PUFAs by A. salmonicida can lead to phenotypic changes that increase the
virulent mechanisms thereby affecting fish species. Thus, PUFA assimilation by A.
salmonicida subsp. salmonicida could directly or indirectly affect pathogenicity.
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Antimicrobial peptides
Antimicrobial peptides (AMPs) are called host defense peptides or short peptides that
provide a role in the protection for multicellular organisms against bacteria and other
microorganisms [23, 24]. AMP can be divided into 2 categories: immune-derived peptides
(defensins) or membrane-disruptive peptides (polymyxin or colistin) [40]. One of the primary
membrane-disruptive mechanisms of peptides relies on electrostatic forces [24]. Since Gramnegatives possess a negative surface charge associated with LPS, and an abundance of negatively
charged phospholipids particularly on the inner membrane, the positively charged AMP has
binding affinity that ultimately disrupts membrane configuration. The immune-derived peptides
work with the host immune system to produce a series of reactions including cytokine
production, inflammatory responses, and leukocytic cell differentiation for antibiotic defense
[24].

Objective
Previous research on Aeromonas salmonicida focused specifically on PUFA
incorporation into the bacterial membrane and the phenotypic effects. However, earlier research
of A. salmonicida subsp. salmonicida was performed on a type of strain that does not produce the
A-layer, a crucial virulent determinant. The current study focused on a pathogenic strain of
A.salmonicida subsp. salmonicida with the A-layer to examine the assimilation of fatty acids
contributing to any additional phenotypic outcomes so a clear understanding of the role of
PUFAs can be presented. This research examined growth effects, PUFA assimilation into
phospholipids, biofilm formation, antimicrobial peptide susceptibility, and membrane
permeability with regard to the A-layer A. salmonicida subsp. salmonicida strain.
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Methodology
Purpose
In order to examine the phenotypic outcomes as a result of PUFA incorporation into the
virulent A. salmonicida subsp. salmonicida strain, multiple tests were performed in order to
assess for biofilm formation, antimicrobial peptide susceptibility, and membrane permeability.
The A+ A. salmonicida subsp. salmonicida samples (3plcs, 3AS, 12AS, and 24AS) were
generously donated by Dr. Tom Loch, Michigan State University. In the Loch laboratory, all
strains produced blue colonies on Commassie Brilliant Blue Agar (CBBA), which indicates Alayer positivity. Upon receipt of the strains, we tested for the presence of the A-type using Congo
red differential plates. The strain 3plcs was arbitrarily chosen for analysis in this study.
Congo Red A-layer Confirmation Test
Congo red is a differential stain used to determine the presence or absence of the A-layer.
The techniques were adapted from Ishiguro and Kaiser [20, 21]. 7.5mg Congo red and 13g brain
heart infusion were added to 250mL diH2O to produce the Congo red differential agar plate. The
3plcs (A+) and A- cultures were inoculated onto the plate and incubated at 20ºC for 2-3 days.
The development of orange colonies indicated A-layer positivity in the 3plcs strain, whereas the
ATCC strain (A-) yielded white colonies.
A. salmonicida subsp. salmonicida Growth Conditions
For most experiments, A.salmonicida subsp. salmonicida 3plcs strain was grown in CM9
minimal media supplemented with 0.4% glucose and 0.4% Casamino acids purchased from
Fisher Scientific. The 3plcs strain was grown at 20ºC under the presence or absence of the
following PUFAs (linoleic acid (18:2), α-linolenic acid (18:3α), γ-linolenic acid (18:3γ), dihomoγ-linolenic acid (20:3), arachidonic acid (20:4), eicosapentaenoic acid (20:5), and
docosahexaenoic acid (22:6)) at 300μM. The fatty acids listed were purchased from Cayman
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Chemicals. The preparation of the culture included centrifuging the overnight cultures, washing
the bacteria with CM9, and adding 300μM of the given fatty acids (18:2, 18:3α, 18:3γ, 20:3,
20:4, 20:5, and 22:6). Then the optical density, the analysis of the bacterial cultures by the
measurement of light scattering was performed using the ThermoFisher Scientific Genesys 10S
UV-VIS/Fluor-Molecular Spectrophotometer [6]. Finally, the bacterial cells were incubated at
20ºC.
Growth Curves
To prepare for the two growth curves, the overnight cultures were grown in CM9
minimal solution in the presence of 300μM of the given fatty acids at 20ºC. For the sole carbon
growth analysis, 1mM fatty acid was supplemented to the cultures. The positive control
consisted of 1mM glucose with no fatty acid supplemented. Both experiments were incubated
shaking (200rpm) at 20ºC for 12 hours with absorbance values (OD600) taken every hour. The
results from hours 5-11 were statistically compared using a two-tailed, paired Student’s t-test
with significance P < 0.002.

Lipid Extraction Using Bligh and Dyer Lipid Extraction
Bligh and Dyer lipid extractions are the method used in microbiology for phospholipid
extractions [3]. The overnight cultures were grown in CM9 solution with 300μM of the given
fatty acids incubated at 20ºC. Lipids extracted from A. salmonicida subsp. salmonicida were
analyzed by thin-layer chromatography following the growth of cultures in the presence and
absence of 300μM exogenous fatty acids.
For the lipid extraction protocol, a 5mL solution of chloroform, methanol, and water
(1:2:0.8) ratio, was first added to the cultures, causing lysis of cellular membranes [41]. The
cultures were then vortexed for 20 minutes using Fisher Scientific Vortex Mixer to break apart
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the cells and release the lipids. The cells were then centrifuged at 1900 x g for 10 minutes. The
supernatant was removed and transferred into borosilicate glass tubes. Then 1.30mL chloroform
and 1.30mL diH20 were added to the supernatant. The supernatant was vortexed and centrifuged
for 10min at 1900 x g. The bottom phase, containing phospholipids, was extracted using a glass
Pasteur pipet. A second extraction was performed by adding 2.6mL chloroform into the tubes,
vortexed and centrifuged for 10 minutes at 1900 x g. The lower phase was extracted and pooled
with the first extraction. Then, a wash step was performed by adding 5.20mL methanol and
3.60mL diH20 to the sample. The sample was inverted and centrifuged at 1900 x g for 10
minutes. Then, the final, lower phase extraction was transferred into vials for subsequent drying
using a N-EVAP 111 Nitrogen Evaporator.
Thin Layer Chromatography
Thin layer chromatography was traditionally used to achieve separation of analytes from
a mixture. In this experiment, thin layer chromatography was used as a qualitative assessment to
determine changes to the hydrophobicity of isolated phospholipids, which may indicate the
incorporation of the supplemented fatty acids. To prepare for thin layer chromatography, a silica
coated glass plate was used. A 4:1 ratio of chloroform: methanol was used to resuspend the
extracted phospholipid. A 20μl solution was drawn using Captrol III micropipette and spotted
onto the TLC plate with the corresponding fatty acid labels. A solvent system consisting of
chloroform/methanol/acetic acid (65:25:10) was equilibrated for 2hr prior to placing the plate in
the tank. After 2hrs, the plate was removed and allowed to dry. Development of the lipids was
carried out by spraying the plate with 10% sulfuric acid in ethanol and by heating it to 150ºC for
2-4 minutes. A final image was captured using a Canon CanoScan Lide210 scanner.
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UPLC-MS
UPLC-MS (Ultra performance liquid chromatography & mass spectrometry) was
traditionally used in chemistry to identify unknown compounds and their amounts [43]. For this
project, UPLC-MS will be used to sort and isolate the phospholipids for measurement of the
mass-to-charge ratios to determine the structural composition of each species. The cultures were
grown in CM9 solution with 300μM of the given fatty acids incubated at 20ºC.
The only difference for the UPLC-MS lipid extraction was the extraction of a 20mL
culture to increase the phospholipid yield. Otherwise, the same Bright Dyer protocol was
followed. The mass of the extracted phospholipids was measured prior to UPLC-MS analysis.
400 parts per million (ppm) lipid samples were created in 50:50 A: B where A was 30:70 (v/v)
25mM ammonium acetate: methanol and B was methanol. Five samples were analyzed using an
ACQUITY-UPLC System with a BEH-C8 column at 0.300mL/min flow rate. Negative mode
electrospray ionization and Quattro Micro triple quadrupole mass spectrometer were utilized to
detect charged species with a capillary voltage of 1.5kV and 50V. The data was analyzed using
MassLynx v4.1 software.
Permeability Assays
It can be hypothesized that if the PUFAs were incorporated into the bacterial membrane,
then membrane permeability would change. Therefore, permeability assays were performed to
assess changes in membrane composition as reflected by permeability. Both crystal violet and
ethidium bromide, which are small hydrophobic compounds, were used for dye uptake
experiments. The overnight cultures were grown at 20ºC in CM9 solution with 300μM of each
fatty acid to logarithmic phase (OD600 ~ 0.9-1). The cultures were then washed, centrifuged, and
resuspended in 1mL phosphate buffered saline (PBS) solution. 4mL cultures were prepared with
the same starting inoculum in PBS. 4μL Crystal violet (CV) was added with final concentration
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of 5µg/mL to the cultures and left in the ThermoScientific Max Q Clear shaker at 20ºC for 25
minutes. The OD590 of the supernatant was taken every 5 minutes follows centrifugation for 1
minutes at 16,000 x g of a 750μL sample. The same protocol was used for the EtBr uptake
experiment.
Ethidium Bromide Accumulation Assay
The overnight cultures were grown in CM9 solution with 300μM of the given fatty acids
incubated at 20ºC with OD600 ~0.8. The cultures were then washed and resuspended with PBS
and then subjected to 20μM ethidium bromide. The absorbance of EtBr (OD600 ~ 0.4) was
recorded every 5min for 1hr using Varian Cary Eclipse Fluorescence Spectrophotometer with a
10-nm excitation slit width.
Antimicrobial Susceptibility Assays
The overnight cultures were grown in CM9 solution with 300μM of the given fatty acids
incubated at 20ºC with OD600 ~ 0.8. The cultures were resuspended and transferred into a new
culture stock of fatty acid and media with OD600 ~ 0.12 supplemented with 353μM of the given
fatty acids (final starting OD600 ~ 0.1; 300µM for each fatty acid). Each selected antimicrobial
peptides were prepared in LoBind tubes with calculated titrations of CM9. Then 170μL of the
new culture stock was added 30µL of PMB, colistin, ampicillin concentrations prepared in
polypropylene microtiter plates. The concentration for PMB ranged from 0.6 to 38.4μg/ml,
colistin ranged from 1.0 to 64μg/ml, and ampicillin ranged from 0.2 to 12.8μg/ml. The plates
were incubated at 20ºC for 24hrs and read with BioTek Synergy microplate reader at 600nm.
Biofilm Formation Assay
Biofilm formation assay is divided into three parts: first with the formation, then staining,
and finally quantification of the biofilm [35]. To prepare for the biofilm formation assay, the
overnight cultures were grown in CM9 solution supplemented with 300μM fatty acids with
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starting OD600 ~ 0.10. 200μl of the cultures were transferred onto a polystyrene microtiter plate
using a multichannel pipette. The microtiter plate was statically incubated using
ThermoScientific Precision at 28C, 23C, and 20C for 24hrs. After 24hrs, the biofilm was
lightly rinsed with deionized water and stained with 0.1% crystal violet solution (225μl). The
plate was then washed gently three times before drying for 24h until development. For
development, 225μl of 30% acetic acid solution was made. Using a multichannel pipet, 170μl of
the acetic acid solution was added to the wells and allowed to sit for 15 minutes at room
temperature. Then the solution was transferred into a new microtiter plate. Colorimetric analysis
of biofilm was performed with Biotek Synergy H7 microtiter plate reader at 590nm.

Results
A-layer differentiation by Congo Red differential plates
The Congo red plates are differential plates used to distinguish between the pathogenic
A+ A. salmonicida strain from the A- non-pathogenic strain at 20 ºC static for 48hrs. The A+
strain and A- strain can be distinguished from one another based on coloration with the A+ to be
slightly orange while the A- strain displays white colonies (Figure 1).
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Figure 1: Differentiation of A. salmonicida A- and A+ strains using the Congo
Red plating method
The cultures were grown in LB broth and shaken overnight prior to inoculation onto LB plates.
The cultures from LB plates were then inoculated to Congo Red plates and incubated at 20ºC
static for 48hrs. The left half displays the A+ pathogenic strain while the right half displays the
A- non-pathogenic strain. The results show one experiment but is representative of three
experiments.
Growth features of A. salmonicida with exogenous PUFAs
Aeromonas salmonicida is found in freshwater and deep marine environments by
occupying water columns or host fish. The temperature chosen for this study was 20ºC to
represent the optimum temperature for maintaining the A-layer and to examine growth and
biofilm formation in the presence or absence of exogenous PUFAs [7]. The growth curves shown
in (Figure 2A) provided a graphical representation of A. salmonicida growth under normal
conditions or with a sole carbon source at 20ºC. At 20ºC, there is an elevated growth beyond
9hrs with most fatty acids (Figure 2A). The sole carbon graph showed elevated growth beyond
8hrs in the presence of fatty acids 20:3 and 18:2 (Figure 2B). The presence of the three fatty
acids 18:3γ, 20:3, and 20:4 caused statistically significant (p < 0.002) effects on the growth of A.
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salmonicida, which resulted in a lower growth rate between 5-11hrs. The (Figure 2B) sole
carbon growth supported growth of Aeromonas more than the control (1mM glucose). The two
fatty acids 18:2 and 20:3 supported appreciable growth when provided as the sole carbon source.
The three fatty acids 20:4, 20:5, and 22:6 also elevated growth, but only during the first 5 hours.
Cultures were plated at hour 13, and the only cultures yielded colonies were the control, 18:2,
and 20:3.

Figure 2: Normal and Sole Carbon Growth Curves for A. salmonicida A+ at 20ºC
The cultures were grown in CM9 media (OD ~ 0.05) for 11-12hrs with temperatures kept
constant at 20ºC for consideration of the A+ layer. (B) 1mM Glu was provided to the cultures
grown in M9 minimal media as the sole carbon source. (B) Data was repetitive for the 3
independent experiment for each growth curve. The (B) sole carbon growth supported growth of
Aeromonas more than the control (1mM glucose). This one experiment is representative of three
independent experiments for each curve.
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Phospholipid TLC profiles indicate exogenous PUFA-mediated membrane assimilation
The membrane phospholipids of Aeromonas salmonicida are composed of phospholipids,
phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and cardiolipin (CL). The
examination of bacterial phospholipids by TLC showed PL species migrating higher than the
control, which indicates an increase in hydrophobicity and suggests incorporation of the
supplemented PUFAs.
The phospholipids cardiolipin (CL), phosphatidylglycerol (PG), and
phosphatidylethanolamine (PE) migratory patterns were clearly depicted (Figure 3). The spots at
the top of the plate indicate the PUFAs that are not assimilated. The fatty acid 20:3 accumulated
at the top of the plate which suggests non-assimilation while the majority of the other PUFAs
were assimilated into the membrane phospholipids.

Figure 3: Phospholipid profile analysis with thin layer chromatography
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The cultures were grown (OD ~ 0.8) in CM9 media at 20ºC in the presence or absence of 300µM
PUFAs (linoleic acid [18:2], alpha-linoleic acid [18:3α], gamma-linolenic acid [18:3γ], dihomogamma-linolenic acid [20:3], arachidonic acid [20:4], eicosapentaenoic acid [20:5] and
docosahexaenoic acid [22:6]). Lipids were extracted using Bligh and Dyer method prior to TLC
separation of fatty acids.

UPLC/ESI-MS analyses provide evidence of assimilation of exogenous PUFAs into A.
salmonicida phospholipids.
Ultra-performance liquid chromatography/electrospray ionization mass spectrometry
(UPLC/ESI-MS) was used to confirm PUFA assimilation. Chromatographic separation using
reversed-phase gradient elution provided separation between phosphatidylethanolamine (PE) and
phosphatidylglycerol (PG), which are two major phospholipids produced by A. salmonicida. The
extracted ion chromatograms and the mass spectrum showed the incorporation of the given fatty
acids grown in the presence of 20:4. Peaks were labeled represented the phospholipids found in
all the cultures, including the control. The corresponding phospholipids contain at least one Rgroup derived from supplemented fatty acids and were labeled with m/z values. These peaks
showed the alteration of phospholipid profiles based on the specific fatty acid supplemented. The
phospholipid compositions were determined by analyzing the XIC peak using the LIPID MAPS
(www.lipidmaps.org) database to compare lipid structures that had the m/z value of the parent
ion. The [M-H]- = 769.5 provided evidence for the PG 16:0/20:4 composition. The fragments at
255.2 and 303.2 further supported PG 16:0/20:4 as the correct structure. The non-native peaks
showed that A. salmonicida can assimilate the exogenous fatty acids into its lipidome. Although
only one example is shown, all PUFAs were confirmed to be incorporated into PG and PE. The
incorporation of fatty acids was comparable between the A+ and A- strains (data is not shown)
[18].
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Figure 4: UPLC-MS analysis of A. salmonicida grown in the presence of arachidonic acid
(20:4)
The cultures were grown in the presence or absence of 300µm specific PUFAs at 20ºC in CM9.
The Bligh and Dyer method was used to extract lipids for UPLC-MS analysis. Waters UPLC
used a reversed phase gradient elution analyze the 400 parts per million (ppm) lipid extract (5µL)
injection. Quadrupole mass spectrometry with electrospray ionization identified the [M-H]- ions.
The chromatogram is labeled to identify phospholipid species containing the exogenously
supplied arachidonic acid. Three different species of both PE and PG demonstrated assimilation
of 20:4. The native phospholipids (found in cultures) were labeled with the corresponding PE or
PG with the fatty acid nomenclature. The non-native phospholipids are derived from assimilation
of the supplemented fatty acid and are labeled as m/z and the phospholipid structure determined
by LIPID MAPS database. The parent ion had a m/z = 769.5, which was confirmed by the m/z
fragments 255.2 and 303.2 and to correctly identify the structure as PG 16:0/20:4. The nonnative peaks showed Aeromonas can assimilate fatty acids into its lipidome.
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Exogenous fatty acid assimilation affects hydrophobic compound uptake in A. salmonicida
UPLC/ESI-MS confirmation of exogenous fatty acid assimilation warranted an
investigation into the effects on membrane permeability. The uptake of crystal violet detected
five fatty acids 18:3γ 20:3, 20:4, 20:5, and 22:6 that provided evidence for membrane
permeability of A.salmonicida that significantly (p < 0.001) permeabilized the membrane by
40% when compared to the control (Figure 5A). Therefore, the newly detected fatty acids 20:3
and 20:5 found in the A+ strain may be exclusive to A+ due to the presence of the A-layer. The
ethidium bromide assay showed two fatty acids 20:3 and 22:6 significantly (p < 0.001) increased
membrane permeability by approximately 10-20% (Figure 5B). Permeability was slightly
decreased with the two fatty acids 18:2 and 20:4 (Figure 5B). The EtBr accumulation assay
showed significant accumulation (p < 0.001) of EtBr for four fatty acids 18:2, 18:3α, 18:3γ, and
20:5 when compared to the control (Figure 5C). Based on the results, it can be concluded that
fatty acid assimilation affected membrane permeability in A. salmonicida.
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Figure 5: Membrane permeability assays assessing the effects of PUFAs on A. salmonicida
hydrophobic compound uptake
A and B) The cultures were grown (OD ~ 0.8) at 20ºC in CM9 in the presence or absence of
300µM PUFAs. The cultures were pelleted washed with PBS (OD600 = 0.6). The concentrations
of crystal violet (A) and ethidium bromide (B) were utilized to measure at regular intervals were
represented as percentage of CV or EtBr uptake. The results show the three independent
confirmation of hydrophobic compound uptake. C) The cultures were grown at 20ºC in CM9 in
the presence or absence of 300µM PUFAs (OD = 0.8). The cultures were treated and
resuspended with PBS (OD600 ~ 0.4). 20 µM EtBr was added to the sample and the fluorescence
intensity was measured every 5 minutes for a total of one hour (excitation wavelength of 550nm;
emission wavelength of 600nm). The asterisks indicate a significant difference (*p < 0.001)
when compared to the control. C is shown as one experiment but is a biological duplicate to
represent two experiments.
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The effects of antimicrobial peptides on membrane permeability in A. salmonicida
Previous experiments showed exogenous fatty acid assimilation and altered membrane
permeability, which lead to the question of antimicrobial activity on A. salmonicida membranes.
The MIC assays provided evidence for resistance when supplemented with exogenous fatty
acids. The two fatty acids 18:3γ and 20:3 showed two-fold minimum inhibitory concentration
against polymyxin B (PMB) when compared to the control (P<0.001) (Figure 6A). None of the
fatty acids showed increased antimicrobial susceptibility of A. salmonicida to PMB. Similarly,
there is a two-fold minimum inhibitory concentration against colistin for the fatty acid 18:3γ
when compared to the control sample (P<0.001) (Figure 6B). However, contrasted to polymyxin
B, there is increased susceptibility to colistin when grown under the two fatty acids 18:3α and
22:6. There are no significant shifts to indicate susceptibility to ampicillin (Figure 6C).

22

Figure 6: Antimicrobial susceptibility assays determine the minimum inhibitory
concentration of A. salmonicida with exogenous PUFAs
The cultures were grown in CM9 media at 20ºC in the presence or absence of 300 µM PUFAs at
an OD600 ~ 0.8-0.9. The cultures were washed and resuspended in CM9 with an OD600 ~ 0.1. The
cultures inoculated onto microtiter plates with two-fold concentrations additions of (A)
polymyxin B, (B) colistin, and (C) ampicillin. The optical density was read using Biotek Synergy
microplate reader after incubating for 24hrs at 20ºC. The experiments A, B, C were
independently performed as biological triplicates representing three experiments with the mean
and standard deviation displayed. Significant differences (p < 0.001) were indicated as dotted
circles can be compared to the control where no fatty acid was added.
The exogenous fatty acid supplementation influenced biofilm formation in A. salmonicida
Biofilms are clusters of bacteria that are important to pathogenicity because bacteria
within biofilms can become resilient to environmental pressures including antibiotics. For these
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assays, we can examine how fatty acid exposure impacts biofilm formation at three temperatures
in CM9. The temperatures produced varied results depending on the supplemented fatty acid. At
20ºC, the two fatty acids 18:3α and 20:3 increased biofilm formation while the two fatty acids
20:5 and 22:6 decreased biofilm formation (Figure 7A). At 23ºC, there is an increase in biofilm
formation for the two fatty acids 18:2 and18:3γ while a decreased biofilm formation was
observed for three fatty acids 18:3α, 20:4, and 20:5 (Figure 7B). At 28ºC, there is a decrease in
biofilm formation for 5 of the 7 fatty acids present 18:3α, 18:3γ, 20:4, 20:5, and 22:6 (Figure
7C).
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Figure 7: Exogenous PUFAs affect biofilm formation of A. salmonicida
The cultures were grown and washed in CM9 in the presence and absence of PUFAs with
starting OD ~ 0.1. The cultures, in addition to the PUFAs and media, were inoculated onto
microtiter plates and incubated at (A) 20ºC, (B) 23ºC, and (C) 28ºC for 24hrs. The optical
density was measured with Biotek Synergy reader. The asterisks indicate significant differences
(*p < 0.001) can be compared to the control with no fatty acids added. Student t-tests were used
to indicate significant differences. The results show one experiment with biological octuplets
representative of two experiments.

Discussion
Aeromonas salmonicida is a Gram-negative, pathogenic bacteria that infects salmonids
and other fish species, leading to furunculosis and associated symptoms [39]. The treatment
options, which include vaccines and antibiotics are limited in their defense against the spread of
infections. Therefore, the development and research of treatments for A. salmonicida infections
are necessary. Previous research showed A- strain capable of incorporating polyunsaturated fatty
acids (PUFAs) into their membranes with studies on biofilm formation, antimicrobial
susceptibility, and permeability [13, 18]. However, previous research did not address the A+
strain, which is important for its relevance as a pathogen [18]. This project focuses on
investigating A+ A. salmonicida ability to incorporate PUFAs into their membrane and whether
the A-layer has any effects on other important bacterial phenotypes.
The Congo red plates are differential plates used to distinguish between the pathogenic
A+ A. salmonicida strain from the A- non-pathogenic strain [20, 21]. The A+ strain and A- strain
can be distinguished from one another based on coloration with the A+ to be slightly orange
while the A- strain displays white colonies. This can be explained by the A protein layer ability
to absorb the Congo red pigments while the A- strain in the absence of the A-layer cannot absorb
the Congo red pigments [20, 21]. This evaluation allowed us to confirm and select the strain for
use in this study.
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Growth curves of A. salmonicida were performed at 20ºC in CM9. The optimum
temperatures for A. salmonicida were reported between 18ºC and 26ºC [13, 18]. The presence of
exogenous fatty acid at 20ºC showed elevated growth beyond 9hrs with most fatty acids. The
sole carbon growth experiment showed elevated growth beyond 8hrs in the presence of fatty
acids 18:2 and 20:3. The fatty acid 18:2 can be explained by adaptation of Aeromonas to various
herbivorous and omnivorous fish species utilizing 18:2 as part of their natural fish diets [34]. The
fatty acid 20:3 is a LC-PUFA, which has the potential during beta-oxidation to yield a great deal
of energy than SC-PUFAs. In addition to a greater number of carbons, there are fewer double
bonds to cleave when compared to other LC-PUFAs, which makes dihomo-gamma-linoleic acid
the preferred sole carbon source in the absence of glucose. Both fatty acids 18:2 and 20:3 grew
until they approach the stationary phase at the 8th-9th hour. Furthermore, the presence of fatty
acids did provide statistically significant effects on the growth of A. salmonicida where 18:3γ
and 20:4 showed a lower growth rate between 4-9hrs. However, the temperature seemed to
influence growth rates. When compared to A- strain, lower temperatures at 20ºC reduced growth
while higher temperatures at 28ºC increased growth. Interestingly, the two fatty acids 18:3γ and
20:4 caused slower growth during logarithmic phase (data is not shown) [18].
Thin layer chromatography (TLC) was used to determine whether A. salmonicida could
assimilate exogenous fatty acids into its phospholipid membrane. The cultures were grown at
20ºC in the presence or absence of 300µM exogenous fatty acids. TLC showed the assimilation
of exogenous fatty acids was possible but required ultra performance liquid chromatography and
mass spectrometry (UPLC-MS) to confirm.
Ultra performance liquid chromatography (UPLC-MS) was used to confirm the
assimilation of exogenous PUFAs into the membrane phospholipids. This required the
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identification of phospholipids by mass spectrometry analysis and negative electrospray
ionization (ESI). The phospholipids were fragmented and cleaved by cone voltage (50 V) into
fragmented acyl chains and identified by LIPID MAPS Database (http://www.lipidmaps.org/).
The identification of the phospholipids require recognition of the (PX sn-1/sn-2) notation, where
PX is the headgroup and sn-1/sn-2 represents the acyl chains. This confirmation showed A.
salmonicida had the ability to assimilate the seven exogenous fatty acid into its phospholipid
membrane consistent with observations from the A- strain (data not shown) [18]. The next step
after confirmation of the exogenous fatty acid assimilation was to examine the phenotypic effects
by a series of permeability, biofilm formation, and antimicrobial assays.
Membrane permeability is important to bacterial survivability because it influences the
selection of certain molecules to pass through. Thus, membrane permeability can be linked to
antibiotic resistance [10]. Crystal violet differs from ethidium bromide because crystal violet
binds to surface components like proteins and carbohydrates while ethidium bromide is a
mutagen that intercalates into the DNA and thus a better assessor of membrane permeability [2].
The results showed significant (p < 0.001) differences between CV and EtBr based on the
individual fatty acids. The uptake of crystal violet detected five fatty acids 18:3γ 20:3, 20:4,
20:5, and 22:6 that significantly (p < 0.001) permeabilized the membrane of A.salmonicida by
40% when compared to the control. In contrast to A- strain, the three fatty acids 18:3γ, 20:4, and
22:6 permeabilized the membrane (data is not shown) [18]. This may be explained by the cis
configuration of the bonds, which lead to increased permeability. However, it does not explain
why only five fatty acids lead to an increase in permeability. Therefore, the two fatty acids 20:3
and 20:5 may permeabilized easier in the A+ strain than the A- strain due to the presence of the
A-layer (data is not shown) [18]. The ethidium bromide assay showed two fatty acids 20:3 and
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22:6 significantly (p < 0.001) increased membrane permeability by approximately 10-20%.
Permeability was slightly decreased with the two fatty acids 18:2 and 20:4. In fact, arachidonic
acid followed the control closely until it declined toward the end. This may be caused by a
OmpA-like membrane mechanism where the arachidonic acid is degraded from the phospholipid
membrane. Based on the results, it can be concluded that fatty acid assimilation affected
membrane permeability in A. salmonicida. The A-layer may affect the permeability of the dyeuptake differently leading to different results between A+ and A- strain (data not shown) [18].
Antimicrobial peptides (AMPs) are a series of molecules that disrupts bacterial
membrane integrity through ionic interactions between the positive charges of the AMPs and the
negative charges of the bacterial lipopolysaccharide membrane component. However, bacterial
membrane remodeling by incorporating exogenous fatty acids is a serious concern for the
efficacy of these AMPs. The two fatty acids 18:3γ and 20:3 showed two-fold minimum
inhibitory concentration against polymyxin B (PMB) when compared to the control (P < 0.001).
None of the fatty acids showed increased antimicrobial susceptibility of A. salmonicida to PMB.
Similarly, there is a two-fold minimum inhibitory concentration against colistin for the fatty acid
18:3γ when compared to the control sample (P<0.001). However, contrasted to polymyxin B,
there is an increased susceptibility to colistin when grown under the two fatty acids 18:3α and
22:6. There are no significant shifts to indicate susceptibility to ampicillin. This may be a result
of the PMB specifically altering membrane structure by binding to the negative site of both the
outer and inner membrane. Since PMB must bind to both membranes, this allows colistin to
permeabilize more easily while limiting PMB access due to differences between how the
molecules permeate the membrane. Interestingly, the omega-3 fatty acids (18:3α, 20:5, 22:6)
caused decrease minimum inhibitory concentration while only omega-6 fatty acids (18:3γ, 20:3)
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caused an increase minimum inhibitory concentration in colistin. This may be explained by the
differences in the location of double bonds between the omega-3 and omega-6 fatty acids.
Bioinformatics (NCBI-BLAST) was used to search for cyclopropane synthase and fatty acid
cis/trans isomerase and found no homologues. Thus, it is assumed the fatty acids have been
assimilated in their exogenous cis conformations.
Biofilms are clusters of bacteria that are characterized by attachment and adherence to
objects and promote increase bacterial survivability. For these assays, we can examine how
bacteria-fatty acid exposure impacts biofilm formation at three temperatures grown in CM9. The
temperatures produced varied results depending on the supplemented fatty acid. The fatty acid
20:5 is identified as a biofilm suppressor regardless of temperature differences. However, at
lower temperatures, the two fatty acids 18:3α and18:3γ are biofilm supporters. Interestingly,
when compared to the A- strain, the results were consistent regarding temperature with the
higher temperature lowering biofilm formation (data is not shown) [18]. This is expected because
A.salmonicida prefers colder temperatures since they are psychrophilic. Likewise to A- strain,
the fatty acid 22:6 showed a significant difference when compared to the control in regard to
biofilm formation, antimicrobial resistance, and membrane permeability (data is not shown) [18].
This may be a result of docosahexaenoic acid being an omega-3 fatty acid that is found in
abundance in fish and A. salmonicida preference for 22:6.
Lastly, our findings are significant to the field of microbiology in determining the role
polyunsaturated fatty acids play in various pathogens like Aeromonas and other Gram-negatives.
These pathogens have the potential and capability to utilize exogenous fatty acids to enhance
survival and pathogenicity. There is a potential for studying exogenous fatty acid utilization of
other aquatic pathogens. Notable future research would be examining docosahexaenoic acid as a
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possible vaccination treatment for A.salmonicida infections as well as exploring the
metaproteomic analysis of the A-layer. In addition, further studies should examine the ability of
the A+ A. salmonicida to defend against the fish antimicrobial peptides known as piscidins.
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